Abstract: Most vegetable oils have high content of unsaturated bond and can be converted into epoxidized fatty acids. These days, epoxidized vegetable oils are great concern as they are obtained from sustainable, renewable natural resources and are environmental friendly. The epoxidation of palm oleic acid was carried out by using in situ generated performic acid (HCOOOH) to produce epoxidized oleic acid. The degree of temperature, the molar ratio of formic acid or hydrogen peroxide and types of catalyst was considered. Epoxidation results were based on complete conversion oxirane, rate of epoxidation and stability of the oxirane. It was found that a maximum relative conversion oxirane (RCO) of epoxide is 88% at optimal condition.
Introduction
Vegetable oils are renewable resources that can be chemically or enzymatically modified to produce materials that can often act as replacement for materials derived from petroleum [1] . Epoxidation of fatty acid derived from the palm oil is the one of the chemical modification of oil. Epoxidation is a simple and efficient method for introducing a new reactive group and widely used in various applications. Due to high reactivity of the oxirane ring, epoxides can act as raw material for synthesis of numerous chemicals such as alcohols, glycols, alkanolamines, carbonyl compounds, olefinic compounds and polymers like polyesters, polyurethanes and epoxy resin [2] [3] [4] .
According to Gunstone [5] , epoxidation is the name given to the reaction where a double bond is converted into epoxide. Epoxide, also known as oxirane, is cyclic ether with three-membered ring, containing two carbon atoms and one oxygen. Epoxidation occur when a cyclic ether is formed at sites of ethylenic unsaturation (C=C) located along the fatty acid chain by the addition of an oxygen atom [3] . The bond angles are about 60°, making the ring highly strained and highly reactive [6] . Epoxidation are commonly carried out by reacting the unsaturation (double bond) on the fatty acids hydrocarbon chain with per acid (peroxy acid), either preformed or formed in situ. The peracid on the other hand is formed by react a carboxylic acid (usually formic acid or acetic acid) with hydrogen peroxide. In epoxidation, formic acid (FA) acted as the oxygen carrier while hydrogen peroxide acted as the oxygen donor. The reaction scheme of oleic acid's epoxidation is depicted in Eq.1 and Eq.2. Formic acid is preferred as oxygen carrier because due to its high reactivity, no catalyst is required in the formation of performic acid [7] , whereas utilization of formic acid requires the presence of acid catalyst such as sulfuric acid to form performic acid.
Peracid formation
The highest percentage composition of fatty acid in crude palm kernel oil (CPKO) were lauric acid and myristic acid with 48.7% and 15.6%. In addition to these fatty acids, oleic acid (OA) can also be naturally found in CKPO with high percentage, accounting 15% of the fatty acid composition [12] . Because of the high percentage of double bond fatty acid in palm kernel oil, modification of fatty acid is significant to produce marketable product. The unsaturated fatty acids are oleic acid, linoleic acid and linolenic acid containing one, two and three double bonds between two carbon atoms respectively. Thus the functionality presents in terms of double bonds make the C=C acts as a reaction site for chemical modification.
The main purpose of this paper is to study the effect of its reaction conditions on the rate of epoxidized oleic acid based on CPKO. Epoxidation of double bond in oleic acid with hydrogen peroxide and performic acid generated in situ was monitored and optimized to produce value-added epoxides. All the process variables were analyzed by measuring the relative conversion oxirane (RCO) as a function of reaction time.
Material and Methods
Material. Oleic acid from CPKO was used as raw material and was purchased from Chung Chemical Sdn. Bhd. Aqueous hydrogen peroxide (30%), formic acid, sulfuric acid and phosphorus acid were all purchased from Merck Sdn. Bhd.
Experimental set-up. The epoxidation was carried out in a 2-liter capacity Continuous Stirred Tank Reactor (CSTR) with agitation constants speed of 300 rpm. Crude oleic acid, formic acid and sulfuric acid as a catalyst were added simultaneously into the 2L CSTR reactor. The mixture was stirred continuously at fixed speed and the mixture was gradually heated to the required temperature and kept at a constant temperature for the selected reaction time. The hydrogen peroxide was then added drop by drop at room temperature while stirring continues. Each sampling was done by withdrawing approximately 5ml of reaction mixture for every 5 minutes The CSTR was directly connected to the control panel to control the temperature and agitation speed, as illustrated in Fig The relative percentage conversion to oxirane
where ;
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OOC the is the theoretically obtainable maximum oxirane oxygen, and was determined to be 1.8213. IV o is the initial iodine value of oleic acid sample, A o is the molar mass of oxygen and A I is the molar mass of iodine.
Experimental Design: In order to investigate the effect of reaction conditions on the epoxidation rate, the epoxidation was performed in numerous runs, as indicated in Table 1 . The reaction parameters investigated are reaction temperature (35-75°C), formic acid-to-oleic acid unsaturation mole ratio (0.5-1.5), hydrogen peroxide-to-oleic acid unsaturation mole ratio (0.5-1.0) and type of catalyst (sulfuric acid, phosphoric acid, no catalyst). Repetition of the experiments under identical conditions was done and percentage deviation between two experimental results was between 3.99-5.00%. Optimization was done by using analytical Taguchi method to found optimal condition in each parameter. Table 1 : Experimental design for the epoxidation rate study
Result and Discussion

Effect of formic acid-to-oleic acid unsaturation mole ratio
To investigate the effect of formic acid concentration on the epoxidation, the mole of formic acid was varied at three stoichiometry ratios with respect to the unsaturation mole of the limiting reactant (oleic acid), namely 0.5:1, 1:1 and 1.5:1. The result of this study indicated that the yield of epoxide (complete conversion oxirane) to be highest (88%) at 25 minutes by using mole ratio 1:1 of formic acid-to-oleic acid as illustrated Fig.2(a) . In term of epoxidation rate, when concentration of formic acid increases, reaction rate also increases significantly. For mole ratio formic acid 1.5, the relative conversion value obtained increases after 20 minutes of reaction. This is different by using mole ratio formic acid 1, where the graph shown the rate of reaction gradually increases along reaction. Therefore, it affects the yield of epoxidized oleic acid. As can be seen from the graph, concentration of formic acid increases causes the yield and rate of epoxidation also increases However, when the formic acid concentration is further increased up to mole ratio 1.5:1, the relative conversion decreases but not significant [19] . This showed that the oxirane ring has been degraded due to the high concentration of formic acid. Formic acid is a good oxygen carrier and indeed crucial for producing enough epoxides in the aqueous phase. However, it also is the main culprit that is responsible for the hydrolysis of oxirane rings [9] . 
Effect of hydrogen peroxide-to-oleic acid unsaturation mole ratio
The effect of aqueous hydrogen peroxide (30%) to oleic acid unsaturation mole ratio on the rate of epoxidation was studied at the ratios 0.5:1, 0.75:1 and 1:1. Based on Fig.2(b) , experiment with concentration mole ratio 1:0.75 has the highest epoxidation rate while experiment with concentration 1:1 has the highest complete conversion oxirane. For mole ratio 1:0.75 hydrogen peroxide-to-oleic acid is the most unstable by having highest rate of ring degradation. As a result degradation can increase the production of diol and α-glycol as side products [10] . Previous study reported, for higher concentration of hydrogen peroxide at the same conditions; temperature and reaction time the yield of the epoxide becomes constant at the maximum point [8] . The maximum conversion oxirane of oleic acid to epoxide was obtained after 25 minutes reaction time for the reaction using mole ratio 1:1, and the conversion achieved is 88%.
The rate of epoxidation and rate of oxirane ring opening is observed to be not much affected by hydrogen peroxide concentration, evidenced by almost similar reaction rate profiles of all three reactions at different mole ratios. Nonetheless, decreasing the molar ratio of hydrogen peroxide to half of the stoichiometric amount (molar ratio 0.5:1) impacted the rate of epoxidation. It can be seen that the initial rate of the epoxidation of oleic acid slightly low compared to molar ratio 0.75:1 and 1:1 beyond 15 minutes of a reaction time. According to Dinda et al., [22] an increases in hydrogen peroxide concentration will increases the oxirane conversation rate, but the stability of oxirane produced in a very high concentration of hydrogen peroxide is very poor.
Effect of Reaction Temperature
The effect of temperature on the overall reaction, as illustrated in Fig.3(a) was studied at 35°C, 55°C and 75°C by operating the experimental runs at the optimum condition parameters previously. Optimization was carried out by using analytical Taguchi method and the result indicated reactant molar ratio is (OA:FA:H 2 O 2 = 1: 1: 0.75) and the sulfuric acid as a catalyst. It was found that the highest complete conversion oxirane at moderate temperature 55 o C. According to Gound et al. [11] , the lower temperature causes the increases the rate of epoxidation. These opposing findings could be due to the method of hydrogen peroxide addition. In the previous research, hydrogen peroxide was poured initially at once, but in this research hydrogen peroxide was added step-wise, hence causes no accumulation of hydrogen peroxide to decompose in the solution. At temperature 55°C, maximum conversion to oxirane (RCO) is attained (88%), after which it gradually decreases, indicating that the oxirane ring degradation has taken place. Reaction at lower temperature (35°C) gave lower epoxidation rate at initial step but increases the rate of ring opening. From Fig.3(a) , it is clear that time required for the attainment of the maximum relative conversion at the same temperature range. These findings suggest that the optimum temperature to produce high yield of epoxidized crude oleic acid is 55 o C, with relative conversion reaching 88%. 
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Nevertheless, higher conversion to maximum epoxide was achieved at 55 o C compared to at 75°C. This contradicting phenomenon (i.e., higher rate of reaction but lower conversion to epoxide) could be due to reversible reaction of performic acid formation. Therefore, although higher reaction temperature will increase the rate of reversible reaction, it will also shift the reaction's equilibrium position to the reverse (Le Chateleir Principle). Reversible reaction must reduce the thermodynamic relationship relating the reacting species concentration at equilibrium [17] . 
Effect of catalyst type
Different type of catalyst can be used including mineral acid catalyst and solid catalyst such as alumina. Catalyst is known to lower the activation energy, hence increase the reaction rate which indirectly lower the operational cost caused by prolonged reaction. Based on Fig.3(b) , showed that the rate of reaction highest by adding sulfuric acid as catalyst. This can be proved by looking at the graph, which no catalyst added in the epoxidation process reaction be slowest rate.
It can be seen from Fig.3(b) that sulfuric acid as a catalyst loading was led to the highest RCO (%) at 88%. An RCO (%) lower that 77.8% was obtained for the loading of phosphoric acid catalyst and whereas 72.8% RCO (%) was observed when no catalyst loading to the reaction. The impact of the catalyst loading showed that mineral acid such as sulphuric acid and phosphorus acid were obvious during the epoxy ring formation. It is thought that extra hydrogen ions from external acid catalyst contribute to the increase in oxirane formation. Without any catalyst loading, the difference of the 5% RCO (%) was considered as minimum and for this condition; formic acid itself was played an additional role as a catalyst to the reversible reaction of performic acid formation. Findings of this study were consistent with those of other studies suggested that sulfuric acid loading would be increases the yield of epoxidation fatty acid in terms of oxirane complete conversion [10] .
Conclusion
The influence of major epoxidation parameters was investigated in this study i.e., catalysts type, formic acid-to-oleic acid unsaturation mole ratio, hydrogen peroxide-to-oleic acid unsaturation mole ratio and reaction temperature. The reaction was done in a CSTR at moderate agitation speed of 300 rpm. The maximum epoxidation yield of 88% was recorded for the reaction temperature at 55°C, formic acid-to-oleic acid unsaturation mole ratio at ratio 1:1, hydrogen peroxide-to-oleic acid unsaturation mole ratio at 1:1 and with sulfuric acid as catalyst. Advanced Materials Research Vol. 906
